Purpose: To suggest a novel classification of neovascular age-related macular degeneration (AMD) based on optical coherence tomography angiography (OCTA) and to correlate morphological characteristics based on optical coherence tomography (OCT)/OCTA with clinical criteria of disease activity. Methods: A total of 88 eyes with neovascular AMD (14 treatment-na€ ıve, 74 eyes following anti-vascular endothelial growth factor treatment (VEGF)) were examined using the AngioVue OCTA system (Optovue, Inc., Fremont, CA, USA) and evaluated based on vascular morphology. Choroidal neovascularization (CNV)-vessel morphology based on OCTA and associations with retinal layers were described and correlated with clinical markers of disease activity. Results: In treatment-na€ ıve CNV, CNV-vessel morphology based on OCTA showed a dense-net configuration (DN) in 12 of 14 eyes, a loose-net configuration (LN) in one of 14 eyes and an unidentifiable CNV pattern in one of 14 eyes, whereas in treated CNV, DN was registered in 43.2% (32/74), LN in 27% (20/ 74), DN with additional LN (mixed type) in 14.9% (11/74) and an unidentifiable CNV pattern in 14.9% (11/74). Clinical correlations revealed a significantly longer disease duration for LN with a median value of 4.3 years compared to DN with 2.0 years (p = 0.009) and for CNV involving the outer retina with 3.1 years compared to CNV not involving the outer retina with 1.9 years (p = 0.051). Conclusion: Optical coherence tomography angiography (OCTA) allows identification of distinct CNV-specific vascular patterns at the level of the outer retinal layer and choriocapillaris. Correlation with clinical and functional parameters may be useful to better understand pathophysiological mechanisms and guide efficient therapeutic strategies.
Introduction
Neovascular age-related macular degeneration (nAMD) is associated with abnormal vascular alteration and growth originating from the choroid. The neovascular lesion is classified as type 1 choroidal neovascularization (CNV) when expanding through Bruch's membrane (BM) into the space beneath the retinal pigment epithelium (RPE) and as type 2 when spreading into the subretinal space. Abnormal vessel proliferation may also originate from the retinal vasculature and is then referred to as retinal angiomatous proliferation or type 3 CNV (Freund et al. 2011) . During laser and photodynamic therapy, identification of the CNV type was crucial for therapeutic indications and prognosis (Macular Photocoagulation Study Group 1991; Fernandes et al. 2002) .
Fluorescein angiography (FA) was the gold standard for identifying the neovascular component; however, angiographic classification of CNV secondary to AMD can vary considerably (Holz et al. 2003) . Nowadays optical coherence tomography (OCT) possibly in combination with FA and indocyanine green angiography (ICGA) should be used to define neovascular disease of the macula.
Optical coherence tomography (OCT) has become an important non-invasive and quick method to diagnose and monitor disease activity during antivascular endothelial growth factor (VEGF) treatment by revealing the sequelae of active CNV such as intraand subretinal fluid (SRF) accumulation and retinal thickening. On OCT B-scans, CNV appears as subretinal or sub-RPE hyperreflective material with limited differentiation between unreactive fibrous and/or active neovascular tissue. Retreatment decisions are mainly based on assessment of extravascular fluid and not on an analysis of neovascular activity (Lalwani et al. 2009 ).
Optical coherence tomography angiography (OCTA) offers a breakthrough in diagnostic imaging by allowing noninvasive visualization of retinal and choroidal vascular flow via motioncontrast imaging (de Carlo et al. 2015) . The AngioVue TM (Optovue, Fremont, CA, USA) technology offers a vascular imaging software applicable on a commercially available OCT instrument. The underlying method behind the AngioVue TM system is split-spectrum amplitude-decorrelation angiography (SSADA) (Jia et al. 2012 ).
This precise and non-invasive imaging modality offers novel diagnostic opportunities to fill the current gap between invasive vascular and noninvasive structural imaging.
With OCTA allowing detailed imaging of vascular microstructures with unprecedented quality, nAMD may undergo a comprehensive reclassification integrating vascular and structural features and reintroduce vascular diagnosis into management paradigms. As a major challenge to date in nAMD is the continuous need for retreatment due to recurring leakage, an imaging technology allowing direct visualization of nAMD's key pathophysiological feature, that is the CNV component, may strongly impact treatment decisions. Recent reports describe the potential clinical value of OCT-based angiography for monitoring treated CNV (Parravano et al. 2016; Wang et al. 2016 ) with a high level of correspondence between different CNV patterns identified on OCTA and treatment decisions established on conventional multimodal imaging (Coscas et al. 2015) . The present study aimed to systematically describe (neo) vascular retinal and choroidal patterns in early and advanced stages of exudative AMD based on OCTA imaging and to correlate these novel findings with structural and functional parameters.
Patients and Methods
In this retrospective analysis, patients with all types and different stages of neovascular CNV due to AMD (treatment-na€ ıve and treated with anti-VEGF agents) were examined by OCTA using the AngioVue TM (Optovue) OCTA system on a commercially available spectral domain optical coherence tomography (SD-OCT) device (RTVue XR Avanti; Optovue, Fremont, CA, USA). All patients underwent a routine ophthalmic examination including bestcorrected visual acuity (BCVA) testing using Snellen charts and biomicroscopic examination. Neovascular activity was assessed by SD-OCT imaging (Spectralis; Heidelberg Engineering, Dossenheim, Germany) requesting evidence of intra-and/or SRF. At primary presentation, the diagnosis of active CNV was made by conventional FA. Patients were recruited between November 2014 and January 2015 at the Retina Service of the Medical University Vienna, Austria. The study was approved by the local ethic committee and adhered to the Declaration of Helsinki.
Inclusion criteria were patients with neovascular AMD, treatment-na€ ıve or previously treated, in a real-life clinical setting. Exclusion criteria were any other retinal diseases except neovascular AMD.
Assessment
We evaluated OCTA images using the SSADA algorithm to visualize retinal and choroidal vasculature in a 3 9 3 mm volume of the central part of the retina.
The retina was scanned in both horizontal and vertical axes with motion correction applied to correct movements of the eyes. Optical coherence tomography angiography (OCTA) images were coregistered with OCT Bscans, allowing visualization of both retinal flow and non-vascular structures. Evaluation was focused on identification of the neovascular pattern and the layer-specific location. The segmentation was performed according to manual adjustment of the slab according to the corresponding B-scan. The slab line was manually adjusted to the area between outer plexiform layer (OPL) (outer boundary) and RPE for evaluation of the outer retina and the area between BM and up to 20 lm below BM for evaluation of the choriocapillaris. (Fig. 3) . The term 'hyperreflective' was used to express high signal intensity, and the term 'dense' was defined as area of vascular flow resembling a fine netlike pattern. Mixed type: Lesions with a ratio of approximately 50% of areas with large vessel diameter/low branching index and approximately 50% of areas with dense capillary branching (Fig. 4) . Unidentifiable CNV pattern: No neovascular vessels were detectable (neither in the choriocapillaris nor in the outer retina; Fig. 5 ).
Parameters in image analyses

Association with retinal layers
Outer retina involvement: A distinct neovascular net appeared in the usually avascular layer attributed to the outer retina due to the penetration of a CNV from the underlying choriocapillaris (Fig. 2 ).
Statistical analyses
Median (quartiles) is given to describe continuous variables. The nonparametric Wilcoxon rank-sum test was used to compare duration of disease and visual acuity between groups of patients. The nonparametric Kruskal-Wallis test was used to test for differences in duration of disease and visual acuity between all types of CNV morphology based on OCTA. In case of a statistically significant result, pairwise comparisons between the respective groups were performed using the Wilcoxon rank-sum test. The Bonferroni-Holm correction was applied to correct for the multiple pairwise comparisons. The Fisher's exact test was used to compare frequencies of SD-OCT features between the different types of OCTA patterns.
p-values <0.05 were considered statistically significant. The software version 9.4 (2002-2012; SAS Institute Inc., Cary, NC, USA) was used for statistical analyses.
Results
The present study evaluated OCTA images of a total number of 152 eyes of 137 patients with neovascular AMD. Thirty-six men and 116 women participated in the study with a mean age of 80.6 AE 7.1 years. Eighty-eight eyes of 67 subjects were considered as utilizable for complete analysis. The 61 eyes (42.1%) not suitable for evaluation showed severe motion artefacts demonstrating poor image quality with blurry vascular pattern and no discernible choriocapillaris. For excluded eyes, a significantly worse median (quartiles) BCVA of 0.8 (0.4-1.3) logMAR (p < 0.0001) was assessed explaining unstable fixation. For included eyes, the median BCVA was 0.3 (0.2-0.5) logMAR. Two subgroups were differentiated: treatment-na€ ıve nAMD including 14 eyes and 74 eyes having undergone continuous anti-VEGF treatment in a pro re nata (PRN) regimen.
Treatment-na€ ıve neovascular AMD
Median (quartiles) BCVA in this group was 0.4 (0.3-0.6) logMAR. Subtype classification assessed by FA at initial presentation included nine eyes with occult CNV, two eyes with classic CNV, two eyes with minimally classic CNV and one eye with predominantly classic CNV.
Patterns and layers
Regarding CNV-vessel morphology based on OCTA, a DN pattern was present in 12, whereas a loose net (LN) pattern and an unidentifiable CNV pattern were seen in every case. In seven of 14 eyes presenting with primary untreated disease, the CNV had reached the outer retina as evaluated by OCTA visualization at this layer location.
Correlation between CNV pattern and visual acuity
The presence of a DN pattern was associated with a median BCVA value of 0.4 (0.2-0.7) logMAR. The patient presenting a LN pattern and the patient with unidentifiable CNV pattern each had a BCVA of 0.5 logMAR. Neovascular lesions involving the outer retina showed a median BCVA of 0.4 (0.3-0.7) logMAR similar values compared to lesions not involving the outer retina with a median BCVA of 0.4 (0.2-0.5) logMAR (p = 0.57).
OCTA characteristics and conventional SD-OCT morphology
Structural SD-OCT revealed a fibrovascular pigment epithelial detachment (FPED) in eight of 14 eyes, SRF in 12 of 14 eyes and intraretinal fluid (IRF) in six of 14 eyes with primary untreated CNV. A DN pattern in combination with FPED, SRF or IRF was observed in eight of 12, 11 of 12 or four of 12 eyes, respectively, highlighting the intensity level of CNV activity in this OCTA type with leakage into all compartments. The case representing LN showed no FPED, but SRF and IRF, while the case with unidentifiable CNV on OCTA showed IRF, but neither FPED nor SRF, suggesting rather long-standing disease before diagnosis.
OCTA findings following repeated anti-VEGF therapy
Subtype classification assessed by FA at initial presentation and other characteristics of this group are shown in Table 1 .
Lesion patterns and layer association
A DN (Fig. 3) A mixed type showed involvement of the outer retina in 82% (9/11), a LN in 75% (15/20), DN in 53% (17/32) and an unidentifiable CNV pattern in 9% (1/11).
Association of OCTA patterns with duration of disease
The presence of a LN pattern was associated with a significantly longer duration of disease with a median value of 4.3 (quartiles: 2.4-5.9) years as compared to eyes with a DN pattern reporting a median disease duration of 2.0 (1.5-4.2) years (p = 0.009, Bonferroni-Holm-corrected: <0.05). Areas of persistent DN with additional LN (mixed type) had a median disease duration of 4.7 (2.8-5.5) years, whereas eyes with unidentifiable CNV pattern had a significantly shorter duration of disease with a median value of 1.1 (0.5-1.5) years (Bonferroni-Holm-corrected: p < 0.05 for pairwise comparisons with mixed type, vascular loop (VL) and DN, respectively). Neovascular lesions involving the outer retina had a longer duration of disease compared to lesions not involving the outer retina with a median value of 3.1 (2.0-5.1) years versus 1.9 (1.1-4.2) years (p = 0.051). Optical coherence tomography angiography (OCTA) patterns in relation to frequencies of SD-OCT features are shown in Table 2 . No statistically significant differences were found (p = 0.399, p = 0.474 and p = 0.484, respectively).
Discussion
The present study aimed at identifying characteristic and clinically relevant vascular patterns using novel OCTA imaging in patients with treatmentna€ ıve and continuously treated neovascular AMD. Exudative AMD represents a heterogeneous progressive pathology originating from a neovascular lesion recently identifiable by OCTA via motion-contrast imaging in a userfriendly, non-invasive manner. As the neovascular lesion itself is the crucial therapeutic target in anti-VEGF therapy, understanding of vascular patterns and their clinical role for disease progression and prognosis is essential. Experimentally, OCTA images were found to correlate well with the choroidal morphology and murine laserinduced CNV as visualized via immunohistology (R.S. Shah, B. Soetikno, W. Liu, J. Yi, H.F. Zhang, A.A. Fawzi; in preparation. IOVS 2015;56: ARVO E-Abstract 3331). Furthermore, CNV lesion size measured using OCTA may decrease after successful treatment, whereas no change in size may suggest resistance (N.W. Muakkassa, A.T. Chin, T. de Carlo, C.R. Baumal, A. Witkin, J.S. Duker, N.K. Waheed; in preparation. IOVS 2015;56:ARVO EAbstract 3326). In contrast to FA and SD-OCT, OCTA offers superior insight into the vascular patterns harboured by FPED features.
As an initial step in OCTA-based characterization, the primary vascular pattern of CNV lesion types was assessed. Loose nets described as individual vessels of large diameter with low branching index (Fig. 1 ) appear as mature vascular lesions and were distinguished from dense nets (DN) showing a hyperreflective vascular net with dense capillary sprouting consistent with higher proliferative activity (Fig. 3) . Noteworthy, supposedly more active DN in treatment-na€ ıve lesions was often associated with leakage into all retinal compartments (IRF, SRF, FPED), mostly SRF, a positive marker for therapeutic response during early intervention . However, in eyes previously treated with anti-VEGF agents, there was no significant difference between OCTA patterns and SD-OCT findings such as FPED, SRF and IRF (Table 2) . Furthermore, there was no significant difference between OCTA patterns and BCVA and between outer retina involvement and BCVA. Loose net was found predominantly in longer disease duration associated with involvement of the outer retina indicating irreversible and advanced damage processes. Perfusion deficits play some role in the pathophysiologic process of AMD (Shweiki et al. 1992; Frank et al. 1996) , being associated with vascular loss of the choriocapillaris, a lobular capillary bed supplied by posterior ciliary arteries that runs in a single plane beneath the RPE, nourishing the outer retina, the RPE In the most suspicious area below the pigment epithelial detachment, no CNV-like structure could be identified. However, this might be due to attenuation artefacts as shown by the hypointense area in the Enface image. Number of injections: 3; duration of disease: 169 days; best-corrected visual acuity: 0.5 logMAR. and the photoreceptor cells (Hayreh 1975) . Age-related choroidal atrophy has been described by Spaide (2009) and others. Enhanced depth imaging OCT findings showed a marked reduction in the thickness of the choroid under the central fovea. Optical coherence tomography angiography (OCTA) visualizes normal choriocapillaris as homogenous and lacy vascular network with granular appearance. In late stages of disease, both neuronal death and fibrosis may influence outcomes independent of control of CNV (Adamis 2009 ). Disease activity may be assessed by determining focal vascular sprouting at the edge of the lesion. It is unconfident whether sprouting vessels can be depicted comprehensively due to reduced flow velocity in this segment. The minimum detectable flow velocity is determined by the decorrelation noise floor, which is based on the decorrelation distribution statistics of the non-flow tissue voxels. The SSADA algorithm is able to detect retinal capillary flow, which is within the range of 0.5-2 mm/second (Flower et al. 2008; Pauleikhoff & Kirchhof 2011) . For a more precise determination of the minimum detectable flow velocity at the level of the CNV lesion and the surrounding choriocapillary bed, the calibration of velocity to decorrelation values using in vitro flow phantom experiments will be required. The first sensitivity and specificity evaluation in CNV by OCTA (de Carlo et al. 2015 ) revealed values of 50% and 91%, respectively. The false-negative OCTA cases were explained by the presence of haemorrhage blocking the OCT signal. Stringent comparison studies using FA and ICGA comparison will be needed to gain further insight.
The suggested classification system supplements the conventional classification of neovascularization (type 1-type 3) with additional information regarding the vascular growth behaviour. A study evaluating OCTA patterns in treated type 1 CNV described a medusa pattern (vessels radiating in all directions from the centre of the lesion) and a sea fan pattern (where >90% of the membrane radiated from one side of the lesion) (Kuehlewein et al. 2015) . Another study analysed three eyes with type 3 CNV by OCTA and demonstrates flow within active lesions of superficial and deep capillary plexus (Dansingani et al. 2015) . Choroidal neovascularization subtyping based on FA adds minor information about disease progression, the final functional outcome and treatment indications. Morphologic and functionally relevant sequelae for CNV activity include the following: intraretinal cystoid oedema, SRF, diffuse thickening of the fovea, expanding serous PED, new sub-or intraretinal haemorrhage and BCVA loss attributable to other signs of lesion activity (Tam et al. 2011) . Advanced image analyses and structure/function correlation indicated a strong impact of fluid localization within different compartments of the retina . Intraretinal cysts (IRC) were consistently associated with the lowest BCVA values, whereas SRF as individual finding demonstrated superior BCVA, independent of whether the therapeutic regimen was continuous or discontinuous. The unique opportunity in multimodal OCT imaging combining structural findings from SD-OCT and vascular features from OCTA-based extraction of flow data opens a promising window for comprehensive characterization of lesion types and their role in pathophysiology and progression of neovascular AMD. The complex cascade of CNV pathogenesis further influenced by therapeutic VEGF inhibition promotes mutual biological interactions considering the phenotypic sequence of vessel sprouting, leakage, retinal fluid accumulation, photoreceptor loss and atrophy. Due to the combined imaging capabilities of OCTA providing both functional and structural information OCTA allows to monitor these different changes during follow up in great detail and will elucidate therapy-induced side-effects as well.
Further studies implementing vascular growth behaviour may deliver more detailed insight into CNV progression and treatment response. A previous study investigating ICG of polypoidal choroidal vasculopahy (PCV) patients reported that fine and dense capillary vessels (compatible with our defined DN) are associated with recurrence after PDT (Oishi et al. 2011) . Spaide et al. (2015; Spaide 2015 ) presented a descriptive study of treated CNV eyes secondary to AMD based on OCTA receiving periodic anti-VEGF injections. After a mean number of 47 injections, an 'abnormalization' of vessels was found. The diameter of vessels within the CNV lesion appeared larger, and branching points and many vascular anastomotic connections among larger vessels were observed together with paucity of surrounding choriocapillaris. Anti-VEGF treatment is considered to prune vascular sprouts of CNV resulting in increased flow through the remaining vessels leading to arteriogenesis with increase in vascular diameter. Regrowth of the vascular sprouts may form connections between afferent and efferent vessels, and after numerous iterations, these connections enlarge to shunt vessels. In the present study, lesions showing a LN configuration with a large stem and anastomoses were associated with a longer duration of disease as well and noteworthy also an involvement of the outer retina. The vascular modulation of CNV lesions under a physiological or therapy-induced condition may well be identified using OCTA which is free of leakage obscuring lesion borders.
The limitations of the present study include a high exclusion rate due to motion artefacts in patients with low visual acuity and consequently poor fixation. Eye motion leads to discontinuities in displayed data (so-called displacement artefacts). Displacement artefacts are caused by eye motion during a raster scan where one part of the image is from one region of the eye, whereas the remaining portion of the image is from a discontinuous region . The first-generation OCT angiography device is sensitive for eye movement during the scanning process resulting in a high number of non-evaluable images. The evaluation of small sprouting vessels is unconfident as the SSADA algorithm measures erythrocyte flow and no information regarding flow in angiogenic vessel growth is available yet, but advances in algorithm development in OCTA will even offer flow characteristics. Further limitations include the small number of subjects for the treatment-na€ ıve group and the subjective classification of OCTA patterns. In general, OCTA has several challenging aspects, which require additional efforts to ensure a correct interpretation (Coscas et al. 2016 ).
In conclusion, OCTA readily visualizes the pathologic correlate of neovascular AMD with distinct pattern characteristics and information about lesion location at different layer depth. Our pilot study revealed dense neovascular nets as a candidate for early disease activity and LN as a probable marker for advanced scarring or vascular maturation. We also provide concepts about invasion of CNV into the deep retinal space. Larger studies will allow a systematic correlation of OCTA-based vascular features and individual therapeutic indications as well as the prognosis of disease.
